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Abstract 
Research on graphene has revealed its unique optical properties1, including strong coupling with 
light2, high-speed operation3, and gate-variable optical conductivity4, which promise to satisfy 
the needs of future electro-optic (EO) modulators. In particular, recent work5 demonstrated a 
broadband EO modulator based on the interband absorption of graphene with overall length only 
40µm. However, compared with the size of on-chip electronic components it is still bulky. On-
chip optical interconnects require EO modulation at the nanoscale. The key to achieve nanoscale 
graphene EO modulation is to greatly enhance light-graphene interaction based on novel 
waveguides and platforms. Herein, we present our recent exploration of graphene EO modulators 
based on graphene sandwiched in dielectric or plasmonic waveguides6. With a suitable gate 
voltage, the dielectric constant of graphene can be tuned to be very small due to the effect of 
intraband electronic transition, resulting in “graphene-slot waveguides” and greatly enhanced 
absorption modes. Up to 3-dB modulation depth can be achieved within 800nm long silicon 
waveguides, or 120nm long plasmonic waveguides based on small signal analysis. They have the 
advantages of nanoscale footprints, small insertion loss, low power consumption, and potentially 
ultrahigh speed, as well as being CMOS-compatible. 
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One of the most important devices in optoelectronic integrated circuits is the electro-optic (EO) 
modulator7,8, which converts electronic signals into high bit-rate photonic data. Recent years 
have witnessed breakthroughs in the development of EO modulators9-13. However, the lack of 
ultrahigh-speed compact EO modulators remains a critical technical bottleneck impeding the 
wide deployment of the on-chip optical interconnects. Due to the poor electro-optic properties of 
regular materials 14 , 15 , a conventional EO modulator has a very large footprint9,11,13, 16 . 
Employment of a high-Q resonator may significantly reduce the footprint, but it simultaneously 
decreases the operation bandwidth and thermal stability10, which demand additional components 
to improve17,18. Hybrid of novel semiconductors19-23 using sophisticated techniques may partially 
resolve these issues, but the involved waveguides are still tens to hundreds of micrometers long. 
PlasMOStors 24  can be very compact, but have inherently large insertion loss and limited 
operation speed. Recent research on graphene has provided unprecedented opportunities to meet 
the challenges. 
Graphene25,26 has attracted a great deal of interest because its exceptional electronic transport 
properties show great potential applications in the field of nanoelectronics27 with the highest 
intrinsic mobility28 and the largest current density at room temperature29. Graphene also has 
remarkable flexibility, robustness and environmental stability, as well as extraordinary thermal 
conductivity30. Equally outstanding are its optical properties, which have been used to develop 
light-emitters, ultrafast lasers, and photodetectors, as well as solar cells and touch screens29. As 
far as EO modulators concern, graphene is a single atom thick “film” with optical properties that 
are slightly dispersive and can be tuned in a large range at an ultrahigh speed through electrical 
gating–nearly an ideal electro-optic material.  
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We studied the optical properties based on the small signal analysis. Two absorption processes 
coexist in the light-graphene interaction, namely interband absorption and intraband absorption, 
which can be evaluated by a complex conductivity ),,,(),,,( interintrag TT cc Γ+Γ= µωσµωσσ , 
depending on the light angular frequency ω, chemical potential µc, charged particle scattering 
rate Γ, and temperature T. The chemical potential µc can be controlled by electrical gating. Thus, 
the conductivity of graphene can be dynamically tuned by gate voltage VD in real time. Basically, 
when 2/ωµ h<c  ( h is the reduced Planck constant) interband absorption dominates and 
graphene becomes absorptive; otherwise, quite transparent. Electrically switching on/off 
graphene interband absorption plays a key role in the modulator reported in Ref. 5.  
In our work, we found the intraband absorption can be equally important in a graphene 
absorption modulator. Based on the Kubo formula31,32, we calculated the graphene conductivity 
at T=300K (scattering rate,
 
Γh =5meV) 33. Figure 1(a, b) plots the real and imaginary parts of the 
conductivity as a function of the chemical potential and wavelength in the near infrared regime. 
In particular, the real part of conductivity is very sensitive to chemical potential, for example at 
wavelength λ0=1550nm, varying from nearly 60.85µS to 1.37µS when chemical potential rises 
from 0 to 0.6eV, as shown in Fig. 1(c). Figure 1(c) also shows how interband absorption and 
intraband absorption contribute to the graphene conductivity, respectively. Figure 1(d) plots the 
corresponding dielectric constant (real part, imaginary part, and magnitude),
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c , where ∆=0.7nm is the effective thickness of graphene
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. The 
dielectric constant of graphene varies from εeff(0eV)=0.985+j8.077 to εeff(0.6eV)=-2.508+j0.182 
at λ0=1.55µm. Note the sign of real part flips due to intraband absorption because the interband 
absorption and intraband absorption contribute the imaginary part of conductivity with different 
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signs as shown in Fig. 1(c). As a result, there is a dip in the curve of dielectric constant 
magnitude, where “metallic graphene” is transforming to “dielectric graphene” with Re{εeff}=0. 
In our case, the “transition chemical potential” is µt=0.515 eV and |εeff(µt)|= |-
0.048+j0.323|=0.327, which means the magnitude varies |εeff(0)|/|εeff(µt)|≈25 times! Note this 
“epsilon-near-zero” 34-36 effect can be seen almost in any material at its plasma frequency, for 
example Ag at λ0=324 nm. The uniqueness of graphene lies in that its plasma frequency can be 
tuned by electrical gating. 
The effect of dielectric constant change is not very manifest when graphene is placed on top of a 
dielectric waveguide. Based on the change of dielectric constant, we solved the transverse 
magnetic (TM) modes of graphene on a 250nm-by-600nm silicon waveguide with a 7nm Al2O3 
buffer layer at λ0=1.53µm when chemical potential is 0 and µt, respectively. The effective indices 
are both 2.06, but the attenuation rates are significantly different, 0.134 dB/µm for µc=0 and 
0.044 dB/µm for µc= µt. The absorption can be further reduced when µc shifts from 0.515 eV to 
0.6 eV. The resulting modulation, 0.09~0.13dB/µm, coincides the recent experimental work5.  
We find the absorption of a TM mode can be greatly enhanced when graphene is sandwiched 
inside the silicon waveguide, forming a “graphene-slot waveguide” as illustrated in Fig. 1(e). In 
a slot waveguide 37 , the magnitude of transverse electric field |Ey| is roughly inversely 
proportional to that of the dielectric constant. The power absorbed in a unit area,   
effeff2
12
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, 
 can be greatly enhanced at µc= µt because (1) |Ey| reaches its maximum and (2) effeff /}Im{ εε
nearly grows to its maximum at the same time as shown in Fig. 1(d). To verify this, we first 
consider the multilayer stack as illustrated in Fig. 1(e), where graphene is sandwiched in a silicon 
waveguide with a 10-nm Si3N4 buffer layer on each side. Based on the transfer matrix method, 
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we find the optimal silicon thickness to enhance light absorption is about 150nm. Figure 1(f) 
plots the |Ey| profiles at µc=0 and µc=µt, respectively. The absorption is roughly proportional to 
|Ey|, with an enhancement about 25 times! In our case, µc=0 is the transparence state, while µc=µt 
is the absorption state, which are exactly opposite to the operation principle of the EO modulator 
reported in Ref. 5. 
Once the configuration of the graphene-slot waveguide is optimized, we use a 3D mode solver to 
determine the optimal waveguide width based on the finite-difference time-domain (FDTD) 
method. Considering the fabrication tolerance, the optimal width of the waveguide is found to be 
450nm. Figure 2(a) shows the mode profiles of the graphene-slot waveguide at different 
chemical potentials. There is only a slight shift in the effective index: 2.032 at µc=0, and 2.034 at 
µc= µt. In contrast, there is a huge change in the waveguide attenuation. At µc=0, the |Ey| in the 
graphene is even lower than in the Si3N4 buffer layers, and the waveguide works at the low loss 
state with α0=0.183dB/µm; at µc= µt, the |Ey| in the graphene is many times higher than in the 
Si3N4 buffer layers, and the waveguide works at the high absorption state with αv=4.603dB/µm. 
As a result, modulation depth 4.42dB/µm can be achieved, and 3dB-modulation depth only 
requires 679nm propagation distance! An 800-nm propagation distance results modulation depth 
3.54dB. A graphene EO modulator can be made on the nanoscale! For the sake of easy 
fabrication, the silicon modulator can also take the form of an asymmetric slot waveguide as 
shown in Fig. 2(b). There is only a slight change in the performance. 
Furthermore, recent work shows that highly confined modes can be achieved in plasmonic 
waveguides [38]. Based on nanoplasmonic platforms, the dimensions of a graphene modulator 
should be even smaller. Following the same approach, we investigated the interaction between 
graphene and various plasmonic modes. Figures 2(c,d) list the guided mode profiles, effective 
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indices, and attenuation of graphene-slot waveguides based the metal-insulator-metal plasmonic 
platform. Due to the close interaction between metal and graphene, the chemical potential with 
highest absorption shifts to 0.518eV. Figures 2(e,f) list the mode calculation of graphene-slot 
waveguides based on the hybrid plasmonic platform. Although Au or Ag may decrease the metal 
absorption of the plasmonic waveguides, CMOS-compatible metal, Cu, is used in all plasmonic 
modulators, and its dielectric constant is assumed to be -67.86+j10.01. A 10-nm thick Si3N4 
buffer layer is designed on each side of graphene for all plasmonic waveguides shown in Figs. 
2(c-f). As can be seen in Fig. 2(d), a 3-dB (3.82dB at 1550nm) EO modulator can be made 
within 120nm using the metal strip plasmonic waveguide, where the attenuations are 6.76dB /µm 
at µc=0, and 38.59dB /µm at µc= 0.518eV.  
To evaluate the insertion loss of the EO modulators, we performed 3D FDTD simulations with 
the smallest mesh size down to 0.35nm. In the simulations, we assume the modulators are 
embedded in the same waveguide as themselves except without the sandwiched graphene. We 
first simulated the modulator based on the silicon waveguide platform as shown in Fig. 3(a). The 
length of the graphene modulator is 800nm. Assume the thickness of the bottom silicon layer for 
electrical contact is negligible. Figures 3(b, c) show the power distribution in the waveguide at 
µc=0 and µc=0.515eV, respectively. Simulation results demonstrate that the overall throughput is 
92.0% at µc=0, and 42.5% at µc= 0.515eV. Note that the insertion loss is only 0.36 dB (92.0%). 
The achievable modulation depth, 3.4 dB, is slightly smaller than the one predicted by the 3D 
mode solver. 
We also simulated EO modulators based on the guided modes listed in Figs. 2(b-f). The results 
are similar as predicted in the mode solver. As one example, Figs. 3(e, f) show the simulation 
results at µc=0 and µc=0.518eV for the plasmonic modulator illustrated in Fig. 3(d). The overall 
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throughput is 81.04% at µc=0, and 36.92% at µc= 0.518eV. Note that the overall length is only 
120 nm while the modulation depth is 3.4 dB. 
All numerical studies shown in Figs. 2 and 3 are performed at λ0=1550nm for TM modes. On-
chip optical interconnects require a broad bandwidth. Although the conductivity of graphene 
only weakly depends on the working frequency, the effective dielectric constant,
∆
−=
0
g
eff 1)( ωε
σµε jc , is a function of working frequency. As a result, in terms of dielectric 
constant, graphene is a dispersive medium. Nevertheless, we found the effect of dispersion is not 
so obvious. We studied the bandwidth of the EO modulators by solving the modes shown in Fig. 
2 at different working wavelengths. Figure 4(a) shows the waveguide absorption as a function of 
wavelength in a silicon waveguide. As can be seen, the attenuation of the modulator at µc=0 
nearly remains a constant, 0.18-0.20 dB/µm, while the attenuation at µc=0.515eV decreases when 
wavelength shift away from 1550nm. In particular, the attenuations are 4.44dB/µm, 4.60dB/µm, 
and 4.45dB/µm at 1545nm, 1550nm, and 1555nm, respectively. Wavelength spanning from 
1545nm to 1555nm, or 1.25 THz bandwidth, only decreases modulation depth 0.16dB/µm.  For 
our 800-nm silicon modulator, the decrease will be 0.14 dB. The prediction was further verified 
by 3D FDTD modeling. At µc=0, the overall throughput is 92% for both 1545nm and 1555nm; at 
µc=0.515eV, the overall throughput is 43.7% and 43.6%, for 1545nm and 1555nm, respectively. 
Thus, this modulator has a 3-dB bandwidth at least 1.25THz.  
We also studied the bandwidth of our EO modulators based on plasmonic waveguides. Figure 
4(b) shows the waveguide absorption as a function of wavelength in a metal strip plasmonic 
waveguide based on the 3D mode solver. As can be seen, when wavelength shifts ±5nm away 
from 1550nm, the attenuation decreases about 1.9dB/µm. Within 120nm, the modulation depth 
changes 0.23dB, from 3.82dB to 3.59dB. Thus, this EO modulator also allows for over a THz 
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bandwidth. The calculation was also further verified by 3D FDTD modeling. At µc=0, the overall 
throughput is 81% for both 1545nm and 1555nm; at µc=0.518eV, the overall throughput is 
37.84% and 37.58%, for 1545nm and 1555nm, respectively. 
The modulator footprint mostly comes from the electrical contacts and the overall footprint can 
be made about 2~3µm2 with the corresponding capacitance ~0.02 pF (the dielectric constant of 
Si3N4 is assumed to be 7.5). Note the magnitude of graphene dielectric constant is nearly stable 
between 0 and 0.4 eV as shown in Fig.1 (d). More accurately, significant output power decrease 
only occurs when the chemical potential varies from 0.445eV to 0.515eV as shown in Fig. 4(c,d). 
When projecting the chemical potential to gate voltage across a 10nm Si3N4 buffer layer, the gate 
voltage change ∆V=(3.93-5.25)V. Thus, each bit only requires 0.12~0.13 pJ. Employment of 
doped graphene and a high-k (e.g. HfO2) buffer layer can further decrease the power 
consumption.  
Our modulators can potentially work at an ultra-high speed. Graphene has outstanding carrier 
mobility. In addition, intraband transition is much faster than interband transition 39 . The 
operation speed is mainly limited by the RC delay imposed by electric circuits. The sub-
micrometer wide graphene may result in a very large resistance. Direct graphene-semiconductor 
contact may resolve this issue as shown in Fig. 5(a,b), and the RC delay can potentially decrease 
to several picoseconds. The resulting graphene-semiconductor Schottky barrier will be discussed 
in our future work. 
We also considered the thermal transport in our modulators. Although graphene has a superior 
thermal conductivity, most heat still transfers through the buffer layers. In this case, we treat 
graphene as a thermal source. Assume the photonic signal power P=1mW (which is huge for 
telecommunications) and half is absorbed by graphene. Silicon nitride has a thermal conductivity 
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k=29 W/mK. When applying the heat flux
m45.0m8.0
.5mW0
µµ ×
=
A
P
 in the silicon waveguide-based 
modulator, the resulting temperature gradient in the Si3N4 buffer layer will be ~0.048°C/nm. The 
10-nm buffer layer only results in temperature rise, 0.48°C.  
All the theoretical analysis and numerical modeling in preceding text is based on the small 
optical signal assumption, i.e. the change of the graphene conductivity due to the absorption of 
light is negligible. Due to the extremely enhanced light absorption, saturable absorption and 
other nonlinear effects may become obvious when the signal power increases to some level. 
Actually, this nonlinear effect will become obvious when the pump signal is not so strong. 
According to our calculation, bias voltage VD=5.3V will result in µc=0.518eV across a 10-nm 
Si3N4 buffer layer with Ns=2.2×1013 cm-2. Absorption of light will give rise to excess carriers, 
which can be estimated by pump rate 
Ah
PR
ν
=  and carrier lifetimeτ  (~1ps for graphene), i.e.,
τ
νAh
PN s =∆ . For the modulator simulated in Fig. 3(d-f), P=0.1mW pump will result in 
∆Ns=3.3×1012 cm-2≈0.15Ns. Therefore, the modulator also provides us opportunities to study 
nonlinear optical effects at a low power level. One important application is all-optic modulators, 
where one weak optical signal (λs) may be switched on/off by another strong optical pump (λp) 
based on the graphene-slot plasmonic waveguide, where a DC bias voltage results in the 
maximum absorption of λp. 
The proposed modulators can be fabricated with a series of standard semiconductor fabrication 
processes, such as thin film deposition, lithography, and etching. Graphene will be fabricated 
using the chemical vapor deposition (CVD) method40,41. Silicon nitride films will be deposited 
on top of the graphene films by plasma-enhanced chemical vapor deposition (PECVD) process, 
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in which the plasma is maintained to be mild and low density, in order to avoid damage to the 
graphene film 42 . The bottom buffer layer will be either Al2O3 (or HfO2) by atomic layer 
deposition or Si3N4 by PECVD.  
To summarize, we studied the optical conductivity and dielectric constant of graphene under 
different chemical potentials in the near infrared regime. Due to the effect of intraband 
absorption, the magnitude of graphene dielectric constant (and hence the attenuation of a 
graphene-slot waveguide) can be dynamically tuned in a large range by electrical gating. We 
proposed and modeled a series of graphene EO modulators based on graphene-slot waveguides. 
Nanoscale graphene EO modulators can be developed based on both silicon and plasmonic 
platforms. These modulators promise to remove the technical bottleneck in on-chip optical 
interconnects with the advantages of nanoscale footprints, small insertion loss, low power 
consumption, and potential ultrahigh-speed, as well as being CMOS-compatible. 
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Figure captions 
Figure 1. (a) Real part and (b) imaginary part of the graphene conductivity as a function of 
chemical potential and wavelength (T=300K) based on the Kubo formula. (c) The graphene 
conductivity (real part and imaginary part), by interband transition and intraband transition, as 
the function of chemical potential at λ0=1550nm. (d) The effective dielectric constant (real part, 
imaginary part, and magnitude) as the function of chemical potential at λ0=1550nm. (e) The 
illustration of a 2D “graphene-slot waveguide” with a 10 nm thick Si3N4 buffer layer on each 
side of graphene. (f) The plots of the transverse electric field magnitude across the waveguide at 
µc=0 and µc= µt, respectively. 
 
Figure 2. The transverse electric field profiles, effective indices, and propagation loss for 
different graphene-slot waveguides at µc=0 and µc= µt, respectively: (a) in a dielectric waveguide 
(Si waveguide is 450nm wide and 150nm thick for each layer); (b) in a dielectric strip waveguide 
(strip Si waveguide is 450nm wide and 150nm thick for each layer); (c) in a metal-insulator-
metal waveguide (waveguide is 200nm wide); (d) in a metal strip waveguide (strip metal is 
200nm wide); (e, f) in photonic-plasmonic hybrid waveguides (waveguide is 400nm wide in (e) 
and 200nm wide in (f), Si layer is 130nm thick for both structures). The refractive indices of Si, 
Si3N4, and SiO2 are assumed to be 3.47, 1.98, and 1.44, respectively. 
 
Figure 3. (a) The illustration of a graphene EO modulator based on a silicon waveguide. (b,c) 
The 3D simulation of light propagation between a silicon waveguide and the EO modulator at 
µc=0 and µc= µt, respectively. (d) The illustration of a graphene EO modulator based on a metal 
strip plasmonic waveguide. (e,f) The 3D simulation of light propagation between a metal strip 
plasmonic waveguide and the EO modulator at µc=0 and µc= µt, respectively. 
 
Figure 4. The attenuation of graphene-slot waveguides as a function of working wavelength at 
µc=0 and µc= µt, respectively: (a) in a silicon waveguide; (b) in a metal strip waveguide. The 
attenuation of graphene-slot waveguides as a function of chemical potential and gate voltage at 
λ0=1550nm: (c) in a silicon waveguide (450nm wide and 150nm thick for each layer); (d) in a 
metal strip plasmonic waveguide (strip metal is 200nm wide). 
 
Figure 5. The illustration of nanoscale graphene modulators containing direct graphene-
semiconductor contacts based on (a) dielectric strip waveguide, and (b) metal strip waveguide.  
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Figure 3. 
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Figure 5. 
